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Summary

An investigation was conducted to determine the
steady-state and transitional effects of simulated
heavy rain on the subsonic aerodynamic character-
istics of a wing model with a 1.29-ft chord, a 6.10 as-
pect ratio, and an NACA 23015 airfoil section. The
wing was attached to a simple fuselage without an
empennage section. Data were obtained at dynamic
pressures of 10, 30, and 50 psf (i.e., at Reynolds num-
bers of 0.76 x 106, 1.31 x 10%, and 1.69 x 10%) in the
Langley 14- by 22-Foot Subsonic Tunnel. Test vari-
ables including liquid water content, tunnel dynamic
pressure, angle of attack, and trailing-edge flap angle
were parametrically varied to study the aerodynamic
trends associated with flying in a simulated rain
environment.

In general, reductions in lift and increases in drag
were observed in the simulated rain environment.
The largest performance loss observed in this study
was a 27-percent loss in lift and a 39-percent increase
in drag on a high-lift configuration operating near
maximum lift. The impact of heavy rain was greatest
at the highest values of liquid water content, at angles
of attack near maximum lift, and at the largest flap
deflection. Under heavy rain conditions, the angle of
attack at maximum lift was lower than that observed
for the dry wing. The transient aerodynamic perfor-
mance of this wing during transition from dry to wet
steady-state conditions varied between a linear and
a nonlinear transition.

Introduction

Much attention has been given in recent years
to experiments aimed at understanding low-altitude
wind shears and their effects on the takeoff and land-
ing performance of airplanes (refs. 1 and 2). These in-
vestigations have resulted in the development of early
warning devices and have led to operating procedures
for avoiding an encounter with wind shears. Since
wind shear may be accompanied by intense, heavy
rains, additional investigative efforts have focused on
the potential influences of rain-induced performance
degradation. Reference 2 suggests that the aero-
dynamic performance penalties caused by wind shear
coupled with those of heavy rain may have been a
factor in several wind shear accidents. Analytical
and experimental studies to determine the influence
of heavy rain on airplane aerodynamic performance
are presently underway at the Langley Research
Center.

The analytical work of Haines and Luers (ref. 3)
was an early attempt to estimate the performance
penalties associated with heavy rain. Their studies
utilized the experimentally known results of a sur-

face artificially roughened by sand grains to simulate
the unknown characteristics of surface irregularities
caused by water-air boundary-layer interaction and
water droplet impacts. The analysis indicated that
significant lift and drag penalties may occur. Experi-
mental results depicting the characteristics of the sur-
face water film are presented by Hastings and Manuel
in reference 4. Wind tunnel results for wings having
an NACA 64-210 airfoil section are presented in ref-
erences 5 and 6. General overviews of the research on
heavy rain effects, including wind tunnel results for
an NACA 0012 airfoil, are presented in references 7
and 8. In addition to the above-mentioned airfoils,
reference 9 reports on the influence of heavy rain on
the Wortmann FX67-K170 airfoil. The small-scale
experimental tests of references 4 to 9 confirm the
predicted performance degradation associated with
simulated rain in the wind tunnel environment. The
results predominantly show considerable reductions
in maximum lift and stall angle accompanied by in-
creases in overall drag. Tests are currently underway
at the Langley Aircraft Landing Dynamics Facility
(ALDF) to evaluate the influence of heavy rain on
large-scale wing sections (refs. 10 and 11).

The present investigation was conducted in the
Langley 14- by 22-Foot Subsonic Tunnel to study the
steady-state and transitional aerodynamics of a wing
entering heavy rain. A wing with an aspect ratio of
6.10, an NACA 23015 airfoil, and a plain, full-span
flap was used to study the influence of liquid wa-
ter content, angle of attack, Reynolds number, and
flap angle on the wing aerodynamics. This inves-
tigation differed from previous related tests (refs. 4
to 9) in several respects. Since the effects of rain
on the aerodynamic performance of wings do not
scale linearly, establishing a data base of the small-
scale steady-state trends is essential for developing
the appropriate scaling relationships. Therefore, this
study sought to identify a parametric data set on
a wing with a plain flap which would eliminate the
complex water-slot interactions which may be asso-
ciated with a sophisticated slat—slotted-flap high-lift
system. Additionally, this study sought to define
the transitional (i.e., dry-wing to wet-wing) aero-
dynamic performance trends as the wing entered the
simulated heavy-rain environment in the wind tun-
nel. These trends are helpful in understanding the
performance dynamics and the corresponding time
needed to achieve a wet steady-state condition. Pre-
sentation of the transitional aerodynamic results con-
centrates on the rain entry condition, although some
limited observations were made of the drying dynam-
ics for the wing after exiting the rain.



Symbols

All measurements were made in the body-axis sys-
tem; however, results are presented in both the body-
and wind-axis systems. (See fig. 1 for axes desig-
nation.) All data have been reduced to coeflicient
form as noted in the symbols list. Symbols used in
table BII are given in parentheses.

A wing aspect ratio, 6.10,
b2/S

b wing span, 7.88 ft

Ca (CA) axial-force coeflicient,

Axial force/qS

Cp (CD) drag coefficient, Drag/qS

Cr (CL) lift coefficient, Lift/qS

CL max maximum lift coefficient

Cy (CN) normal-force coeflicient,
Normal force/qS

¢ mean aerodynamic chord,
1.29 ft

H height of water droplet
spray region, ft

K conversion factor for
liquid water content units

LWC liquid water content,
g/m? (see eq. (1))

M Mach number

Q volumetric flow rate,
gal/min

q dynamic pressure, psf
Reynolds number,
pPVocl/p

S wing reference area,
10.17 ft?

Voo free-stream wind velocity,
ft /sec

W width of water droplet
spray region, ft

o (ALPHA) angle of attack, deg

0 flap deflection angle
(positive for trailing edge
down), deg

7 viscosity, slug/ft-sec

p density, slug/ft3

Model Description

The model used in this investigation (fig. 2) con-
sisted of a rectangular wing mounted to a fuse-
lage sized to accommodate an internal six-component
strain-gauge balance. Note from figure 2 that the
wing was not mounted on the fuselage centerline.
This type of wing mounting can result in fuselage-
induced wing cross {low which ay afleci ihe angle
of attack for zero lift. A piezoelectric device was in-
stalled on the nose of the fuselage to signal the onset
of the rain spray and therefore define the beginning of
rain influence on the wing aerodynamics. The wing
had an NACA 23015 airfoil section (fig. 3) and had
no taper, sweep, or twist. The airfoil chord and wing
span were 1.29 and 7.88 ft, respectively. The cor-
responding wing aspect ratio was 6.10. The plain
flap was tested at 0°, 10°, and 20°. A photograph of
the model mounted for testing in the Langley 14- by
22-Foot Subsonic Tunnel is shown in figure 4.

Test Description

The investigation was conducted in the Langley
14- by 22-Foot Subsonic Tunnel. This is a closed-
circuit, single-return, atmospheric wind tunnel con-
sisting of a test section 14.50 ft high by 21.75 ft wide
by 50.00 ft long (ref. 12). The wind tunnel tests were
conducted at nominal free-stream dynamic pressures
of 10, 30, and 50 psf. Corresponding Reynolds num-
bers based on the mean aerodynamic chord of 1.29 ft
and Mach numbers are shown in the following table:

Dynamic pressure, Reynolds number, Mach number,
q, psf R M
10 0.76 x 106 0.08
30 1.31 .14
50 1.69 .18

The angle of attack ranged from —4° to 20° for
the dry-wing baseline configurations and from 8° to
20° for the wet-wing configurations, all of which were
tested at zero sideslip. Through use of the method
of reference 13, a 1/8-in. spanwise strip of no. 60
transition grit was applied at a streamwise location
1.0 in. aft of the leading edge of the wing to trip the
boundary layer to ensure turbulent flow.

A six-component strain-gauge balance was
mounted internal to the fuselage (see fig. 2) to mea-
sure the forces and moments. The accuracy of the




internal strain-gauge balance is presented in appen-
dix A. An electronic inclinometer, mounted within
the fuselage, provided angle-of-attack measurements.
Changes in aerodynamic performance parameters are
presented uncorrected for fuselage base and chamber
pressures. The test parameters were recorded dy-
namically on an FM recording system and data were
digitized at a rate of 50 samples per second. Ana-
log dynamic data were plotted in real time with an
oscillographic galvanometer recorder.

Rain Simulation

Generally, the parameters used to characterize
rain intensity are the rainfall rate and the liquid wa-
ter content (LWC). At ground level the rainfall rate
is used to characterize a rain event. For airborne
measurements, the relevant parameter is the LWC,
which is the mass of liquid water per unit volume of
air and is usually expressed in grams of water per cu-
bic meter of air. The relationship between LWC and
rainfall rate is uniquely dependent on the type and
intensity level of the storm (ref. 8). Simulating a nat-
ural rain environment in a wind tunnel poses a tech-
nical difficulty in that the small-scale spray charac-
teristics usually do not simulate the full-scale droplet
characteristics for the same rain intensity (refs. 10
and 11). Since simultaneous simulation of each of
the theoretical scaling relationships (ref. 14) was not
possible in the present study, the parameter felt to
be most important, liquid water content (LWC), was
chosen as a primary test variable. The calculation
of this rain parameter is addressed in detail sub-
sequently. The wind tunnel rain system simulates
thunderstorm-type rain, which is defined as being a
high-intensity, short-duration rainfall. Such a rain-
fall, with a liquid water content value of 43 g/ m3,
was measured by Schumacher and Wilk (ref. 15) in
naturally occurring thunderstorms at altitude.

Rain Simulation System

An illustration of the rain simulation system
is shown in figure 5. The system consisted of a
20-gal water accumulator tank, a spray manifold, and
nozzles. A remotely controlled air pressure valve reg-
ulated the water supply to the tank, which was con-
nected to the spray manifold. The air supply pressure
was varicd to control the water mass flow through the
manifold.

A photograph of the spray manifold mounted
within the wind tunnel is presented in figure 6. The
manifold was fabricated from streamlined steel tub-
ing having a chord of 3.5 in. and was positioned ap-
proximately 25 ft upstream of the model. This loca-
tion was chosen to coincide with the positioning of

the manifold during the nozzle calibration discussed
in reference 16. This position allowed adequate time
for the stabilization of the accelerating water droplets
and the development of the spray region. This po-
sition also provided an adequate distance to mini-
mize any manifold-induced wake disturbances on the
wing. The manifold was positioned 6 in. above the
model chord plane to account for gravity effects on
the water droplets. Drop injection influences on free-
stream wind velocities were calculated and found to
be insignificant in relation to the scope of this study.
As shown in figure 7, the manifold incorporated six
nozzles, each spaced 1 ft apart along the trailing
edge. The combined conical expansion patterns of
the droplets from each nozzle effectively maintained
model spray coverage during angle-of-attack varia-
tions of the model with little or no adjustments to
the model height relative to the impinging rain. The
heights of both the manifold and the model were cho-
sen to keep both near the centerline of the tunnel,
thereby minimizing wall interference effects.

Two types of nozzles were used in this investiga-
tion and are shown in figure 8. The first type of
nozzle (BINS and BIN7, figs. 8(a) and 8(b)) was
a multi-injector type which consisted of a series
of 0.063-in.-diameter tubes oriented circumferen-
tially around a plenum in either a five-tube or a
seven-tube configuration. This nozzle type pro-
vided the flexibility to independently vary the noz-
zle mass flow while control over the drop size
and drop distribution was retained by variation of
the number of tubes. The second type of noz-
zle (1570, fig. 8(c)) was a commercially available
fan jet nozzle with an elliptical cross-section ori-
fice. This type was chosen for its high mass-flow-
rate capability. A detailed study of each nozzle
and its relative spray characteristics is presented in
reference 16.

The dynamic response of the wing model enter-
ing a heavy-rain environment was an integral part of
this investigation; therefore, the spray system had to
provide instantaneous water-on and water-off capa-
bility. This feature was provided by incorporating a
solenoid valve on each water nozzle (see fig. 7) and si-
multaneously operating them by means of a remotely
controlled operations panel.

lculation of Liguid Water Content

In the wind tunnel environment, liquid water con-
tent (LWC), defined as the mass of liquid water per
unit volume of air, is calculated with the following
relationship:

KQ

Lwe = Voo HW

(1)



where () is the volumetric flow rate of water through
the spray manifold, Vy, is the free-stream wind tun-
nel air velocity, H and W are the height and width of
the water droplet spray region at the leading edge of
the wing model, and K is the units conversion factor
(K = 2225.8086). The units of LWC are grams per
cubic meter. Three different nozzle configurations
were used to achieve three values of total manifold
mass flow and three tunnel velocities were used for
each of the three nozzles, thus providing a matrix of
nine values of LWC. According to the test results of
reference 16, the achievement of various LWC values
by this method does aflect ilie spray characteristics
of drop size and drop distribution. The relevance of
this to the aerodynamic effects of the wing model is
discussed subsequently.

The height H and the width W of the water
droplet spray region were determined by a photo-
graphic process which utilized manually activated
cameras, high-speed strobe lights, and a near-field
linear length reference. Because of the dynamic na-
ture of water droplet sprays within the tunnel, the
boundary of the spray region at any instant of time
is not a precisely defined straight line; therefore, one
inherent difficulty in deriving the spray region heights
and widths by photographic meauns lies in the possible
error involved in subjectively determining the usable
spray region boundaries. Representative LWC values
obtained in this investigation, along with the corre-
sponding nozzle mass flow and tunnel velocities, are
presented in table L.

Results and Discussion

Effects of Spray Manifold on Wing
Aerodynamics

Figures 9(a) to 9(c) show the results for three
tunnel velocities (¢ = 10, 30, and 50 psf). The data
are for water-off conditions only (i.e., no simulated
rain), with a trailing-edge flap angle of § = 0° (cruise
wing configuration). As previously mentioned, the
position of the wing relative to the fuselage may
result in fuselage-induced wing cross flow. This cross
flow may have been the cause for the cambered airfoil
of this study to have zero lift at zero angle of attack.
The effects of the manifold wake were generally very
small, especially for the two higher velocities. At
q = 10 psf, the manifold wake resulted in an increase
of the stall angle of attack from 14° to 18° in addition
to a slight increase in drag.

Reynolds Number Effects

Varying tunnel velocity was a simple and effective
means of obtaining significant variations in LWC, but
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it also resulted in a variation of Reynolds number
from 0.76 x 108 for ¢ = 10 psf to 1.69 x 106 for
g = 50 psf. The effects of this variation in Reynolds
number on the aerodynamic characteristics of the
wing are presented in figures 10(a) to 10(d) for the
dry wing. For this range of Reynolds numbers the
effects were quite small for all configurations tested
and were limited to higher angles of attack near stall.
With the spray manifold removed, the Reynolds
number effects were more observable but were still
limited to angles of attack near stall.

-l Py ey 4

Nozzie Dcaigu Eilecis

Before the overall static test results are discussed,
it is important to note that nozzle design influenced
the aerodynamics during these tests. In figure 11,
two different symbols are used for LWC = 21 g/m3,
one symbol being used to designate data for the
BIN7 nozzle and the other symbol being used for
the 1570 nozzle. Although the measurements de-
rived by photographic means resulted in the same
LWC values for both nozzles, it is evident from the
data for § = 0° that the aerodynamic effects of the
two nozzles on the wing did differ. Nozzle calibra-
tion studies (e.g., ref. 16) have shown differences
in spray characteristics exist for changing LWC and
nozzle types. Among these differences were varia-
tions in the arithmetic mean drop diameter, the vol-
ume percentage mean drop diameter (i.e., the volu-
metric contribution of each drop to the total water
volume), and the dispersal pattern. These differences
may have been responsible for the variation in aero-
dynamics results for the same value of LWC. A more
detailed discussion of these parameters and their po-
tential effects is presented in reference 14. The dif-
ferences in spray characteristics, when coupled with
the small Reynolds number effects discussed previ-
ously, may produce nonlinear aerodynamics results,
particularly at the lower Reynolds numbers. The
full impact of these nonlinearities is not yet com-
pletely understood. However, results for the high-
lift configurations tested seem less sensitive to the
nozzle differences, an encouraging situation since the
largest degradations in aerodynamic performance are
for these conditions.

Steady-State Performance Data

The portions of a flight profile in which airplanes
are most susceptible to the potential influences of
heavy rain are during landing and takeoff maneu-
vers in a potential wind shear environment wherein
they may be required to operate near stall (i.e., at
maximum lift coefficient). Accordingly, the angle-of-
attack range for the portions of this test in which rain
effects were studied was chosen to bracket the region




of maximum lift coefficient Cy, .« for this wing, gen-
erally between o = 8° and 20°. Tabulated test results
are presented in appendix B.

Steady-state aerodynamics results are presented
in figures 11 to 13 in the form of Cj, versus a and Cp,
versus Cp at increasing tunnel velocities. Plots of
Cy versus o and C4 versus a are also presented to
allow a more direct correlation with the transitional
data, which are discussed subsequently and which are
in the form of normal and axial force.

The impact of heavy rain on the cruise config-
uration (6 = 0°) varied with free-stream dynamic
pressure. At the dynamic pressures of 10 and 30 psf
(figs. 11 and 12), lift increases were measured for
the cruise configuration below maximum lift; as dy-
namic pressure increased to 50 psf (fig. 13), the rain
produced a lift loss above a = 10°. At all dynamic
pressures, drag increases because of rain were evi-
dent. Lift increases were also observed by Hansman
and Craig in reference 9 for cruise configurations of
several airfoils at a Reynolds number of 0.31 x 106.
However, the lift increases noted in that reference
were close to maximum lift.

The largest performance losses because of rain oc-
curred on the high-lift configurations (i.e., § = 10°
and 20° in figs. 11 to 13). These losses agree with
the findings of Dunham in reference 7. Results of
that study showed greater lift losses for larger flap
deflections and higher dynamic pressures. For exam-
ple, results in figure 13 for § = 20° show a 27-percent
decrease in lift and a 39-percent increase in drag at
the highest LWC near maximum lift (a = 14°). Ac-
companying this C, 2« reduction is a general flat-
tening of the lift-curve slope. This behavior is dif-
ferent from that of the dry-wing post-stall data, for
which the lift-curve slope changes sign. For most
cases the wet wing experienced an earlier, more grad-
ual stall. This trend is also indicative of an unswept
wing experiencing progressive trailing-edge separa-
tion. Although the mechanism producing these ef-
fects is not completely understood, it is known that
the rain produces localized thickness variations of the
airfoil in addition to creating a two-phased (water-
air) boundary-layer interaction on the wing, and both
may result in significant losses of maximum lift be-
cause of premature flow separation.

In general, almost all cases represented in fig-
ures 11 to 13 underwent some form of performance
degradation at moderate to high angles of attack.
The magnitudes of the rain effects were a function of
angle of attack, with peak effects generally occurring
near a = 14°.

To better understand the wet-wing aerodynamics,
observations were made of the water flow patterns
existing on the wing surfaces. Figure 14(a) depicts

the observed water flow characteristics at low to
moderate angles of attack. For pre-stall angles, for
which attached flow conditions would exist on the
wing, the water adheres to the wing surface and
forms the surface water patterns of droplet impact
splashing, water film, and rivulet runoff discussed
in references 4 and 14. It is this water-film-layer
buildup, coupled with water droplets impacting the
surface, which interacts with the boundary layer, and
is suspected of producing the performance losses.
As angle of attack is increased, providing stall has
not yet been achieved, the adverse influences of the
water continue to grow. The effects during wing
stall on the near-field rain and surface water film are
shown in figure 14(b). The separated airflow region
of the upper surface of the wing causes a breakdown
of the flow pattern depicted in figure 14(a) and
results in regional pooling of the water, an indication
of stagnated flow. The lower-surface water film
behavior appears to be unaffected by the upper-
surface separation and therefore still experiences the
water-induced performance losses because of direct
water droplet impact, which is independent of the
airflow separation characteristics.

These results show the subject wing exhibited
similar performance in simulated rain to that of the
earlier wings studied. Additionally, the magnitude
of the lift loss is proportional to the flap deflection.
Establishing this static performance base was felt
to be important to better explain the dynamic test
results which follow.

Transitional Performance Data

An additional objective of this investigation was
to determine the time required to transition from
dry steady-state conditions to wet steady-state con-
ditions. Figure 15 presents a typical sample of the
instantaneous normal-force, axial-force, and piezo-
electric device signal traces plotted against time. The
transition time was determined by first establishing
the mean values of the steady-state dry and wet por-
tions of the traces. The moment water first impacted
the model was determined by the beginning of in-
creased amplitude on the piezoelectric trace; this be-
came the time start reference. The transition time
was then determined by the number of seconds re-
quired to go from the mean dry steady-state condi-
tion to the mean wet steady-state condition. For the
data of figure 15, the transition time was 1.45 sec.

The change in the wing aerodynamics during this
transition time was not always smooth as shown in
figure 15. A smooth transition is defined as one
in which the force data change somewhat linearly
during transition from dry to wet steady-state con-
ditions. By contrast, the data of figure 16 (which
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are indicative of several test cases) show a very non-
linear transition sequence. Once the final wet steady-
state level was achieved, however, the mean forces
remained unchanged with constant rain simulation.
During the transition studies, the time for the wing
to return to the dry steady-state condition was also
observed for selected cases, including both cruise and
high-lift configurations. Although no data are pre-
sented, transition from wet to dry steady-state con-
ditions generally took less time than transitions from
dry to wet conditions. Also, the changes in aero-
dynamic loads on the model during this reverse tran-
sition were smooth, without the nonlinear effects seen
on some transitions from dry to wet conditions.

Although the cause for the nonlinear behavior of
the wing during transition from dry to wet is not
completely understood, it has been demonstrated by
Hansman and Craig (ref. 9) that the transitional
dynamics may be influenced by airfoil shape. The
airfoil shape governs the susceptibility to premature
boundary-layer transition and also affects the water
film development on the wing, including the subse-
quent breakdown and runoff. Therefore the wing
transitional behavior may be expected to vary with
shape changes such as the flap deflections studied
herein.

Review of the transition data obtained via the
aforementioned procedure indicated the strongest
trends were evident in the data obtained at the high-
est value of LWC and that these trends and the gen-
eral consistency of the data decreased at the lower
values of LWC. Therefore, for simplicity and clarity,
only the results for the highest values of LWC (i.e.,
for the 1570 nozzles) are presented in the main body
of the paper and the results for the lower values are
presented in appendix C.

Since time measurements do not permit direct
comparison between test cases with different tun-
nel speeds, transition time measurements have been
converted to a nondimensional value of the equiva-
lent number of wing chords which would be traversed
within that transition time. Values of transition dis-
tance in equivalent chords are presented in figures 17
to 19 for the 1570 nozzles; similar results for the other
nozzles (i.e., for lower values of LWC) are presented
in appendix C. For direct comparisons of data at var-
ious dynamic pressures, it is important to note the
changing ordinate (i.e., number of chords) scale. The
absolute values of the performance data are plotted
in bar graph form for several angles of attack. It was
noted in some cases that the normal-force and axial-
force transition responses differed during a test run;
for this reason, separate plots for normal and axial
force are presented. Those cases which displayed a
nonlinear (step function) transition are represented
6

by bar graphs with changing shades (see, for exam-
ple, axial-force portion of fig. 17(a)), each shade rep-
resenting the number of chords traversed before the
next step took place. The percent of the total change
in aerodynamic performance is shown on each graph
for nonlinear transition from dry to wet steady-state
performance. The top of the bar graph represents the
achievement of the final wet steady-state condition.
Analysis of the transition data presented in fig-
ures 17 to 19 for angles of attack above 12° to
14° (range of largest lift losses) shows some mild
ally longer than for 6 = 10° at a given dynamic pres-
sure. As dynamic pressure was increased, the transi-
tion length also increased substantially for § = 0° and
20° but remained relatively constant for § = 10°. Fi-
nally, the frequency of occurrence of nonlinear tran-
sition seems to have been most evident at the highest
dynamic pressures and the highest flap deflections.

Summary of Results

An investigation of the effects of simulated rain on
the steady-state and transitional aerodynamic per-
formance of a wing model with a 1.29-ft chord and
an NACA 23015 airfoil was conducted. Data were ob-
tained at dynamic pressures of 10, 30, and 50 psf (i.e.,
at Reynolds numbers of 0.76 x 106, 1.31 x 108, and
1.69 x 109) in the Langley 14- by 22-Foot Subsonic
Tunnel. Test variables of liquid water content, tun-
nel dynamic pressure, angle of attack, and trailing-
edge flap angle were parametrically varied to study
the aerodynamic trends during a simulated rain en-
counter. These aerodynamic trends for the wet wing,
while evident for this wing model, may incorporate
the effects of both Reynolds number and spray char-
acteristics, which may produce nonlinear results that
are not yet clearly understood. Results of this study
can be summarized as follows:

1. As in previous investigations, heavy rain pro-
duced large losses in wing aerodynamic perfor-
mance at high-lift conditions. A 27-percent de-
crease in lift and a 39-percent increase in drag
were observed for the highest flap deflection at
the highest test speed.

2. The largest performance losses because of rain
occurred for angles of attack near maximum lift.
This angle of attack for maximum lift for the
wet wing was several degrees below that for the
dry wing.

3. The aerodynamics of the wing as it entered the
rain field exhibited both linear and highly non-
linear (stepwise) characteristics as it transitioned
from dry to wet; nonlinear behavior was more ev-
ident at higher speeds and higher flap settings.




Appendix A

Data Accuracy

The internal strain-gauge balance used in this investigation has an accuracy rating no worse than
+0.5 percent of full-scale loading. The corresponding error range for each component is as follows:

Component Load Error
Normal force, Ibf . . . . . . +3000 +15
Axial force,Ibf . . . . . . . +500 +3
Pitching moment, in-1bf . . . +25000 +125
Rolling moment, in-lbf . . . +9900 +50
Yawing moment, in-1bf . . . +10000 +50
Side force, Ibf . . . . . . . +1000 +5

The coefficient accuracies at o = 0° are as follows:

Accuracy for ¢, psf, of —
Coefficient 10 30 50

ol £0.15 £0.05 £0.03
Cp +0.03 +0.01 £0.01




Appendix B

Tabulated Test Results of Steady-State Data
Table BI is an index to the data presented in table BII.

Table BI. Index to Data Tables

o, q, LWC,
Run deg psf g/m? Nozzle
2 o 10
5
93 14 BIN5
94 21 BIN7
42 i 21 1570
3* 30
6
44 12 BIN5
56 17 BIN7
41 ! 23 1570
4 50
7
61 10 BIN5
55 15 BIN7
40 | ! 22 1570
8 10 10
48 14 BIN5
88 21 B1N7
89 ! 21 1570
9 30
47 12 BIN5
50 17 B1N7
90 ! 23 1570
10 50
46 10 BINS
49 J 15 BIN7
92 i 22 1570
11 20 10
84 14 BINS
87 21 BIN7
81 ! 21 1570
12 30
83 12 BIN5
86 17 BIN7
80 | 23 1570
13 50
82 10 BIN5
85 15 BIN7
24 ! ! 22 1570

*These runs are without the spray manifold installed.




Table BII. Test Data

14X22 FOOT TUNNEL TEST 334 RUN

Q ALFHA CL CD CN CA

(PSF) (DEG)

1012 -4.18 -«25105 01836 -e25172 -.00001
10.12 =2.0S -«11179 «01025 -e11209 « 00617
10.12 -.07 «01013 +01355 «01012 «01356
10.12 220 «16995 «01025 «17022 «00370
10.00 4.07 «29311 «01452 «29340 -«00632
10.00 6«06 «42859 «01551 «42783 -« 02984
10.00 8.03 «36516 «01842 «56218 -« 06075
10.00 10.18 « 70477 «03217 «69936 ~«09289
10.00 12.08 «81429 «04238 «80519 ~e12857
10.00 14.22 «93776 «07908 « 932846 -e15365
10.00 16.10 «921735 +12819 «91693 -e13117
10.00 18.15 «850453 «18670 « 86633 -« 08753
10.00 20.03 +88489 022264 «e90763 -« 09391

14X22 FOOT TUNNEL TEST 334 RUN

Q ALPHA CL CcDh CN CA

(PSF) (DEG)

30.00 ~4415 -.271856 «02026 ~e27262 «00055
30.12 ~1.97 ~-e12248 «01652 -e12298 «01229
30.00 «01 «02221 «01351 «02221 «01350
30.00 207 +16852 «01539 «16897 «00929
3000 4.02 +30699 «01648 «30738 -«00513
29.89 6.03 «45462 «02216 e 45442 -« 02589
30.00 6.18 «59720 «03062 «59548 -« 05464
29.77 10.04 e 72207 «03966 «71792 ~e 08683
29.89 12.10 «86504 «03532 «85741 -e12723
29.39 14.04 »38085 «07370 «96944 -el6642
30.12 1€.03 1.00214 «12120 « 99664 - 16028
30.12 18.03 1.02608 «16379 1.02640 ~e16178

30.12 20613 1.03036 20116 1.03665 ~e16574



10

(PSF)

50.12
50.01
50.01
50.01
50.01
49.73
49,78
50424
49,78
49.89
49,89
50.01
49,89

(PSF)

10.23
10.12
10.G6
10.23
10.12
10.12
10.12
10.00
10.00
10.12
10.00
10.12
10.12

ALPHA
(DEG)

‘4005
-2.04
« 04
2e03
4.14
6.095
BelOS
10.04
12.08
l4.16
16.20
18.1¢
20.08

ALPHA
(DEG)

4412
-2.00
-«01
2.01
4.07
.08
8405
10.07
12.00
l4.0¢
16.01
18.01
20.04

Table BII. Continued

CL

~e26532
-+12057
« 023902
«17394
«32258
«46110
«50139
« 73032
«87071
«98342
1.02041
1.00643
l.01436

CL

‘027725
~e11676
«00073
«14949Q
«28478
43140
«54087
«68756
« 78398
«88974
« 97568
1402259
1.01220

CD

.02151
«01614
$01518
.01468
«01747
«02344
«03243
04183
+05639
«08795
.13275
«17121
$20967

14X22 FOOT

CD

e 02637
«02111
«02119
« 02077
«02450
«02828
«03623
« 04977
«03330
+ 06960
«10755
«15211
«19227

14X22 FOOT TUNNEL TEST

CN

-e26618
-e12107
« 02903
«17436
«32300
«46098
«59997
e 72663
« 86324
«57504
1.01692
1.00959
1.02469

TUNNEL TEST

CN

-e27843
-e11742
<0072
«15004
«28580
«43197
«54059
«68566
e 717752
«88000
«96750
1.01950
1.01679

334 RUN

Ca

00272
«01184
« 01516
« 00822
-+ 00586
-« 02562
-+ 05246
-+ 08612
~e12702
-¢15535
-« 15724
-«15150
-«15133

334 RUN

Ca

«00632
«01702
«02119
«01551
« 00421
-001754
-+04020
-« (7126
-.11091
-e14862
-016572
-«17158
e 16630




Table BII. Continued

14X22 FOOT TUNNEL TEST 334 RUN

Q ALPHA CL CD CN CA

(PSF) (CEG)

30.69 =4416 ~e29233 «02670 -+29350 «00541
30.58 -2.00 ~e13369 «01998 -e13431 +01530
3035 -«02 « 00724 «01781 «00723 «01782
3023 2e0€ «15087 «01334 «15147 «01391
30.23 4402 «28370 «02250 «28458 «00257
3023 6e21 43572 «02899 «43630 -«01831
3023 8.08 «55763 «03707 «55730 -«04172
30.12 10.01 +69356 «04759 «69128 -e(07363
30.00 12.18 «£3067 «06113 «82488 ~e11547
29.89 14.05 «33175 «07793 «94208 -e15618
29.77 1610 1.02635 «11835 1.01892 ~«17091
29«71 18.07 1.07063 «15748 1.06666 ~e18243
2966 20.02 1.05536 «19954 1.05990 ~¢17385

14X22 FOOT TUNNEL TEST 334 RUN

a ALPHA CL CD CN CA

(PSF) (DEG)

5035 -4.05 =«27767 «02504 ~e278175 «00517
50.24 -2.00 -«13391 «02058 -¢13455 «01589
5024 01 «01005 «»01833 «01006 «01833
5024 206 «15212 «01757 «15266 «01209
50.01 4406 «29250 «02217 «29334 «00140
50.01 602 «42690 «02787 «42746 ~«01709
49.89 2.10 «56366 «03397 «36282 -« 04578
49.89 10.01 «70486 «04661 «70223 ~«07666
49.66 12.06 «B82229 «06796 «81833 ~«10539
43.43 13.965 «92504 «039321 «92013 -e13322
50435 lees21 1.02685 «12051 1.01968 -«17085
50.12 18.13 1.05387 e161295 1.05174 ~el174¢61

50.01 2002 1.01114% «21044 1.02207 -+14851



12

(PSF)

10.23
10.23
10.23
10423
10.23
10.23
10.23
10.12
10.12
10.12
10.23
10.23
10.00

(PSF)

30.00
J0.12
30.00
3000
29.89
29.77
29.89
30.00
30.00
29.89
29.89
29.89
30.12

ALPHA
(DEG)

-4.0C
-2.04
-e01
2.02
4.00
605
8.18
1016
12.1¢
14.12
15.9¢8
18.07
20.08

ALFHA
(DEG)

-4.00
-2407
«02
2405
4.00
6ell
8.04
1008
12.03
14.04
1€.07
18.00
20.16

Table BII. Continued

CL

«U4968
«18456
«32890
«46716
«D7217
271533
«83852
«37716
1.09489
1.19411
1.19182
115459
114093

CL

«06160
«18658
«33093
«46725
«59693
« 72670
+83879
«93322
1.12054
1.23164
1.2808¢4
1.19152
1.15560

14X22 FOOT TUNNEL TEST 334 RUN

Cch

«02638
«02870
.03281
«03680
« 04165
«05217
«+06480
«08150
«09806
«12116
«15668
«21191
«26857

14X22 FOOT

CD

«02553
«02656
«03075
«03909
«04631
«05817
« 06957
«08706
«10492
«12588
«17549
«23453
«28784

CN

«0476S
«18342
» 32689
«46817
«37368
«71684
«83921
«97621
1.09100
1.1875¢
1.18890
1.16339
1.16379

TUNNEL TEST

CN

« 05967
+«18550
«33094
« 46836
«59871
«72877
«86008
«99312
111779
1422539
1.27937
120567
1.18401

CA

«02982
«03526
«03284
«02032
«0016C
~e 02353
-«05517
-e09217
-¢13455
~e17377
17751
-e15658
~e13947

334 RUN

CA

« 02977
«03325
« 03062
«02203
«00453
-.01944
-+05116
-.08810
-¢13101
-e17665
-«18594%
-¢14515
‘s12797




(PSF)

30.24
50.12
50.01
49.78
5024
50.12
50.01
950.12
49.89
50.35
50.12
5001
50.12

(PSF)

10.00
10.00
10.00
10.00
10.12
10.12
10.00
10.00
10.00
10.00

1n0.nn

PSRV VRV

10.00
9.89

ALFHA
(DEG)

~4.01
-2402
-e02
2014
4.17
605
8.16
10.04
12.09
14.03
le.01
18.05%
20.28

ALFHA
(DEG)

4402
-2e0¢
003
2el2
4.14
6.07
8402
10.02
12.03
14413

1€.1¢4

+ = ¥ a0

18.07
20.08

Table BII. Continued

CL

« 06419
«18729
« 33456
«48300
«62162
« 75504
«88987
1.01593
114303
1.24573
1.29060
1.21143
1.13666

CL

«25890
«43150
«55941
«68783
«82590
«94111
1.08542
1.20777
1.32581
1.38343

1_2475 1
- -

[ Y O I §

1.30184
1.27619

14X22 FOOT TUNNEL TEST 334 RUN

CcD

«02510
02620
«03027
«03813
+ 04766
+ 05896
«07261
« 08764
«10685
«12726
«17440
«23637
«29511

14X22 FOOT

CcD

«05065
«04999
+ 05858
«06883
«08187
«09729
«11316
«13403
«15245
«18592
s2612¢
«30612
«36146

CN

06227
18624
« 33455
«48409S
«62344
«75703
«89117
1.01564
1.14005
1.23942
1.28864
1.22506
1.16849

TUNNEL TEST

CN

«25470
+42939
+55944
«68991
«82966
«94613
1.09058
l.21267
1.22847
1.38703
1.36141
1.33259
1632273

CA

« 02953
e 03282
«03038
«02005
« 00237
-«02151
-« 05441
-« 09090
~¢13495
~«17852
-e18835
~e15057
~«11716

334 RUN

CA

«06872
« 06566
« 05830
« 04328
«02208
-« 00283
-« 0295C
-«07809
~e12719
~e15733
-+11269
-« 09857

10

11

13




14

3035
33435
30435
3023
30.12
30.00
30.00
29.89
29.89
3023
30.00
30.00
30.12

(PSF)

3035
5024
50612
50.01
5012
49,89
49.89
50.12
50.01
49.,89
3324
50.24
50.12

ALPHA
(DEG)

-44,01
-2.10
«00
2.02
4,04
607
8.08
10.02
12.0¢
13.55
léels
18.1¢
20.04

ALFHA
(CEG)

~-4401
-2e10
01
201
4.04
6.07
B8e07

10.01

12.0¢
14413
1€.00
18.22
20.19

Table BII. Continued

CL

«28212
«40458
«55266
«687T74
«81758
«95871
1.08610
1.21109
1.33822
1.42560
1.43820
130962
124454

CL

«26632
+40409
55325
e69331
« 82654
«36821
1.09511
1.22197
1.34521
1.45491
1.40706
1.27707
120447

CD

«04999
«05457
« 06380
«07241
« 08246
« 09696
«11653
«13538
«15867
«17594
«24056
«30670
«36469

14X22 FOOT

CD

«04831
« 05354
« 06162
«07105
«08454
«05889
«11684
«13392
«15657
«18130
«24229
«31792
«37153

CN

« 27794
«40230
«55267
«68987
«82135
+96359
1.09169
1.21618
1.34186
1.42597
1.44823
134001
1.29416

TUNNEL TEST

CN

e26278
«40185
«55326
«69537
« 83044
«97324
1.10067
1.22665
l1.34817
145517
1.41934
131245
le25868

14X22 FOOT TUNNEL TEST 334 RUN

CA

«06959
« 06935
«06375
«04813
« 02466
-.00492
-¢03730
e 07734
-s12416
-«17291
-«16914
-s11644
-.083288

334 RUN

CA

«06687
« 06833
« 06157
« 04673
«02615
-.00402
-«03799
-.08042
-«12857
~e17924
-e15494
'009728
-« 06697

12

13



(PSF)

50.12
5035
S50.24
S50.24
50.12
5001
50.24

Q
(PSF)

49.89
30.12
49.89
50.01
49.89
50.01
49.89

29.89
3012
30.00

3C.08

29.89
3000
30.00

ALPHA
(0EG)

7.95
10.04
11.96
13.5€6
1£.87
18.02
19.54

ALFHA
(DEG)

8.02
10.03
1155
13.98
15.92
17.54
13.99

- s

Table BIIL. Continued

CL

1.00331
1.09974
1.088290
1.06598
1.06317
1.09333
1.07653

CL

«60037
68983
o 716432
« 81474
«87812
«91533
«95459

CL

«69654
«81541
«88571
«38579
1.04235
1.09887

14Xx22 FOOT TUNNEL TEST

CD

«12757
«14556
«19865
025147
«28939
«34000
«38119

14X22 FOOT

CcD

« 06922
« 08661
«11206
«14748
e17659
022388
«26716

14X22 FOOT

CcD

«07503
« 05999
«14074
«18035
«21317
«24514
«29070

CN

1.01130
1.10828
1.10574
1.09516
1.1017°9
l.164488

1141599

TUNNEL TEST

CN

«60425
«69437
« 77096
« 82623
«89288
«93997
«98841

TUNNEL TEST

CN

« 70020
«81865
«89565
«93410
1.00638
1.06700
1.13195

334 RUN

CA

-.01319
-.04828
-.03112
-«01303
-«01238
-.01488
-.008¢1

334 RUN

CA

-«01532
-« 03485
-.04857
-« 05376
-«0709S
-« 06905
-« 07531

334 RUN

CA

~«02269
-« 05296
~« 04586
-e04573
-« 06659
-e09002
-«10355

24

40

41

15




16

(PSF)

1000
10.12
10.00
10.12
10.00
10.00
10.00

(PSF)

29.89
29.39
30.12
30.00
29.89
29.89
29.717

(PSF)

50.01
50.12
50.12
50.01
50.12
50.01
50.01

ALPHA
(DEG)

8001
10.01
11.56
13.95
12.95
17.96
15.58

ALFHA
(0EG)

T35
10.02
11.96
13.54
12.9¢
17.95
19.58

ALPHA
(DEG)

756
10.0€
11.57
12.50
12.89
17.9¢
19.54

Table BII. Continued

14X22 FOOT TUNNEL TEST 334 RUN

CL Co CN CA

e 74479 «07481 e 74794 ~e 02975

«84711 «08554 «84908 -«06298
« 95244 «13219 «95911 -« 06862

«98288 «16472 « 99354 -+07783
1.04959 «23162 1.07278 -« 06653
1.04585 «29151 1.08477 -—e 04527
l1.08211 «34180 1.13377 -«04852

14X22 FOOT TUNNEL TEST 324 RUN

CL Co CN CA
«D1086 «06182 «51449 -« 00980
«64753 «07741 e£5112 -e03650
e761290 «09695 764717 -« 06292
«80621 «12860 «81345 -« 06942
«81788 «16833 «83264 -« 06304
« 56264 «19718 «88136 ~«07893
«83768 «25350 «87388 -+ 04796

14X22 FOOT TUNNEL TEST 334 RUN

CL CcD CN CA

« 75560 « 06705 «75759 -« 03860
«87124 «08273 87227 07107
«97071 «10100 «97056 -e10247
«92457 e16036 «93602 -« 06637
«36895 «19235 « 98459 -« 08023
1.00028 «23102 1.02278 -«08860C
«37213 28465 1.01093 -« 06350

44

46



30.00
29.89
30.00
30.00
29.89
30.00
2989

(PSF)

10.12
10.23
10.12
10.12
10.00
10.12
10.00

(PSF)

49.89
49,78
50.24%
50.24
50.01
49.89
49.78

ALFHA
(CEG)

EeN3
104G2
12.00
13.95
15.55
18.02
19.S5

ALFRA
(CEG)

8.02
10.02
11.97
14.00
15.565
17.51
20.02

ALPHA
(0EG)

Te32
10.01
11.54%
13e%1
15.85
17.93
19.94

Table BII. Continued

14X22 FOOT TUNNEL TEST 334 RUN

CL Co CN CA

e 76517 « 06922 « 74753 -« 03561

«86781 «08911 «87005 ~e 06363

«92158 «12854 e92816 -.06592
1.00561 «15131 l1.01236 -e05627
1.00576 «20110 1.02225 -«08378
1.04819 «24 344 1.07209 -« 09269

14X22 FOOT TUNNEL TEST 334 RUN

CL CD CN CA

« 74087 « 09469 e 74683 -.00976

+86383 «11063 « 86989 -~e04142

« 54635 «15412 «95774 -+£4545
102331 «18896 1.038¢€3 -« 06429
1.04817 «24151 1.07415 -« 05653
1.11057 «27734 1414196 - 07887
1.07635 e 34167 lel2827 -+ 04755

14X22 FOOT TUNNEL TEST 334 RUN

CL CcD CN CA

e 74696 «07242 «74981 -.03125
«85804 « 08637 «85999 -« 06407
893290 «12331 « 89939 ~«06413
«31614% «15778 292960 -+ 05745
«37843 «20503 «99718 -«07072
«935736 «25357 «98893 -«05339
«99157 «29814 1.03380 ~«05792

47

48

49

17



18

(PSF)

3012
30,00
30.00
30.12
30.12
29.89
29.89

(PSF)

50.01
50.01
50.12
49.78
50.12
50.24
49.89

(PSF)

29.89
30.12
30.00
30.00
30.00
29.89
30.23

ALFHA
(CEG)

Te.S8

Se9JE
11.54
13.96
15.90
17.57
19.95

ALFHA
(DEG)

7656
10.04
11.S4
12.85
15.87
17.53
19.53

ALPHA
(DEG)

8.01

SeSE
11.97
13.91
1£.85
18.02
20.01

Table BII. Continued

14X22 FOOT TUNNEL TEST 334 RUN

CL CD CN CA
« 74640 «08012 « 75030 -« 02422
«86580 «09858 «86979 -«05296
«92341 «13455 «93128 ~e05934
«94866 «17476 «96281 -« 05920
1.00063 21308 1.02072 -+ 06919
1.03824 «24595 le06348 -« 08634
«99601 «29457 1.03670 -~ 06375

14X22 FOOT TUNNEL TEST 334 RUN
cL (010) CN CA
«55647 «04343 «55712 -«03407
67744 «06104 «67771 ~«05803
«73497 «09886 e 73952 -¢ 05537
« 76707 «13691 « 77754 -« 05074
«82260 «17111 « 83804 -+ 06031
«89342 20225 «91230 -~«08260
«86793 «24717 «90022 -« 06357

14X22 FOOT TUNNEL TEST 334 RUN
CL CD CN CA
«58548 e07332 «58998 -« 00897
«71050 «08962 «71528 -+03483
«76175 «11772 « 16960 ~«04278
«84273 «17911 « 85957 -+05843
«90042 «21088 «92150 -~e07798
«93939 «25080 « 96850 ~«08575

50

595

56



(PSF)

50.01
5035
506012
50.24%
50.24%
50624
5024

3
(PSF)

30.12
3012
3000
29.89
30.00
30.12
3012

Q
(PSF)

10.00
10.00
10.12
10.00
10.00
10.12
10.00

ALFHA
(CEG)

B.08
10.0¢
11.517
14,00
12.52
18.02
19.9¢

ALFHA
(DEG)

8.01
10.04
12.01
12.97
16.00
17.5¢
19.99

ALFHA
(DEG)

8.07
10.08
12.00
14.10
16.05
12.03
2003

Table BII. Continued

CL

«53807
«65926
« 73083
«75026
«80257
«86591
«84436

CL

«98736
1.09178
1.04561
1.08400
1.11290
1.12310
1.07484

CL

e 97112
1.03529
1.05%67
1.12129
114793
1.21138
1.14650

14X22 FOOT TUNNEL TEST

CD

«03294
«05092
«08530
«13066
«16193
«19412
«23923

14X22 FOOT

CD

«12411
+14608
«20936
«25013
«28715
« 33064
«37512

14X22 FOOT

CD

«13852
«17414
«22051
«26685
«29736
«35140
«39633

CN

«353736
«65799
«13263
«» 75958
«81620
« 88348
«87531

TUNNEL TEST

CN

«99502
1.10053
l.06628
1411233
1.14894
1.17031
1.13832

TUNNEL TEST

CN

« 38095
1.04979
1.08236
115252
1.18540
1.26066
121290

334 RUN

CA

-«04305
-006535
-.06818
-«05479
-« 06454
-+ 08325
-« 06331

334 RUN

CA

-« 01469
-« 04643
~«01284
~«01894
-.03081
~e 03246
~e01484

334 RUN

CA

« 00075
-«00971
'000458
-+01441
'.03163
-«04070
~« 02037

61

8C

81

19



20

(PSF)

30412
30.00
30.12
30.00
30.12
30.12
3023

1
(PSF)

10.12
10.00
10.00
10.00
10.12
10.00
10.00

ALPHA
(CEG)

g _nx

- eV

10.02
12.01
14.01
12.50
17.95
20.00

ALFHA
(CEG)

8e04
10.00
12.00
14.03
lee02
17.5¢8
20.04

ALFHA
(DEG)

807
10.12
12.03
14.07
1€.05
18.01
20.0C

Table BII. Continued

CL

= <O
S M
N ~J

. 21
. 35
l.16267
1.23513
1.15260
1.15667
1.09929

o

CL

1.00892
l1e12416
1.15771
1.24490
1.18140
120143
1.13041

CL

«99667
1.16199
1.14909
1.24193
1.17765
l.17616
lal6624

CD

«14125
+19089
«23000
«28107
«32362
«37839

14X22 FOOT

cD

«12386
«14189
«19149
«22954
«28801
«32823
«38061

14X22 FOOT

CD

«12552
«15468
«20178
24269
«29781
e 33747
«37499

14X22 FOOT TUNNEL TEST

CN

103451
114949
1.17694
1.25407
1.18550
1.20008
le16241

TUNNEL TEST

CN

1.01633
113172
l.17222
1.26340
121500
1.24408
1.19239

TUNNEL TEST

CN

1.00442
1.17109
le16591
1¢26367
l.214C8
1.22287
le22417

334 RUN

CA

-.022"77
-.05987
-«05520
-.07581
-+04551
-« 04942
-+ 02042

334 RUN

CA

-+ 01846
~«05553
'005346
~« 07912
~e04913
-« 05857
'002975

334 RUN

CA

e 01559
-«05190
-+ 04214
-« 06654
-e 03939
-« 04276
-« 04650
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(PSF)

49489
49.89
50.01
50.01
49.78
5012
5024

(PSF)

30.00
29.89
27.89
29.89
30.00
30.00
3012

Q
(PSF)

9.89
10.00
10.00

10_00n0

4LV OV

10.00
10.00
10.00

ALFPHA
(DEG)

TeS8
10.02
12.00
13.62
15.90
18.04
20402

ALFHA
(DEG)

8e0E
10.02
12402
12.5¢€
15.9%
17.57
23.00

ALFHA
(BEG)

8.02
10.04

12.0¢%
14,02
l1£.04
18.04

2006

Table BII. Continued

CL

1.01539
1.13332
1.15470
1.10530
1.14324
116233
1.09612

Co

«12176
«14170
«19139
»24037
«28188
+32596
« 37256

14%X22 FOOT

CL

«99467
1.11933
1414997
1.13049
1.16352
1.19345
1.19601

cL

«97894
1.06778
1.11585
1.14048
1.19489
l.16164

Co

212212
«14286
«19507
«24089
«276176
«32092
« 36771

14X22 FOOT

CD

«12170
«14487
«19001
«24599
«27765
« 32675
«35960

14X22 FOOT TUNNEL TEST

CN

1.02305
1.140€8
1.16926
1.13066
le17672
120613
1415743

TUNNEL TEST

CN

1.00197
le12711
l1.16538
1.15513
1.19670
1.23424
1.24964

TUNNEL TEST

CN

«98634
1.07669
1.13093
1.14991
1.17280
1.23735
121452

334 RUN

CA

-« 02047
-e05769
-.05282
~+03261
~«04211
-+ 04991
-« 02520

334 RUN

CA

‘001839
-« 05406
-+ 04865
-.02888
~«05414
-. 06285
~-e 06349

334 RUN

CA

-« 01633
-« 04355
-« 04708
-+03380
-+ 04824
-« 05928
-e 06062

85

86

87
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22

d
(PSF)

13.400

10.00
10.12
10.00
10.12
10.12

9489

2
(PSF)

10.12
10.12
10.12
18.00
10.12

10.00.

1012

(PSF)

30.12
23.89
30.00
30.00
33.00
30.00
3012

ALFHA
(CEC)

Q n"

[ 2RV

1001
12.00
14404
l€.04
18406
15.58

ALFEA
(CEG)

8.04
10.02
12.00
14.04
1e407
18.04
20.02

ALFHA
(0EG)

1.5¢
10.00
11.55S
13.5¢
15.96
17.5¢
20.01

Table BII. Continued

CL

083235
«34129
«99698
1.08079
1.04947
1.10234
1414635

CL

«34321
«315176
«96103
1.02404
1.05860
1413147
123467

CL

« 79685
«89613
e 96548
« 96754
«939863
1.04591
1.08973

14X22 FOOT TUNNEL TEST

Cch

e R

07924
«10006
«13973
«18100
«23023
«26919
«31420

14X22 FOOT

CD

«09602
« 12964
«17289
«21624
«24651
«28929
« 30932

14X22 FOOTY

b

«08601
«112790
«14910
«19118
«22594
«26576
«30660

CN

«83530

«94436
1.00425
1.09242
1.07223
113149
l.18471

TUNNEL TEST

CN

«84835
« 932434
«97598
1.04591
1.08547
1¢16543
1.26594

TUNNEL TEST

CN

«80108
«90208
«97540
«98547
1.02224
1.07686
1.12886

334 RUN

CA

-+ 03766
e 06509
-« 07054
-« 08655
-.06866
-« 08572
~+ 09648

334 RUN

CA

-e02282
-e03187
-« 02075
-« 03874
-« 05612
-« 07528
e 13227

334 RUN

CA

~e 02459
-« 04466
-«05468
-« 04793
-« 05787
-« 07026
~. 08482

88

89

S0



(PSF)

5012
5012
49.89
5012
49,39
50.12
50.01

(PSF)

10.23
1035
10.12
10.12
10.12
10.12
10.12

(PSF)

10.12
10.23
10.12
1038
10.00
10.12

F.59

ALPHA
(0EG)

7S5
10.00
11.9¢
13457
12.95
17.92
20.00

ALFHA
(DEG)

8402
10.01
12.02
12.9¢
le.00
18.03
19.96

ALFHA
(DEG)

8.00
10.01
12.02

14 n3
LATOU

l1€.01
18.00
20.00

Table BII. Concluded

14X22 FOOT

CcL Co
«82098 «08207
«88658 «11596
«93397 «14386
«34055 «18806
«98059 «22660
1.00537 «27103
1.00600 «31316

14X22 FOOT

CL cD
+95371 «04708
«68861 « 06693
« 79896 «09228
«83381 «13082
«90958 «16787
«96071 «20012
«99543 «24015

14X22 FOOT

CL CcD
«55681 « 04632
«66980 « 05649
« 781752 « 08301
«8359¢ £11252
«8783% «16111
«591918 « 19476

1.01468 «23937

TUNNEL TEST

CN

«82442
«89325
« 94475
«35813
1.00511
1.03999
1.05244

TUNNEL TEST

CN

«55486
« 68976
«80066
«84069
«92060
«97548
1.01756

TUNNEL TEST

CN

«55783
«66942
« 78754
- 83830
«88871
«93437

1.03536

334 RUN

CA

-e03278
-« 03967
-« 04694
-+ 04454
~+05165
-«05138
Te 04988

334 RUN

CA

-.03068
-«05380
-«07610
-e 07471
-« (08942
-«10701
-e11458

234 RUN

CA

-«03166
-.06081
~. 08281
-«09346
e 08732
-«09885
~e12213

S3

94
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Appendix C

Steady-State and Transitional Aerodynamic Data

Results are presented for the lower range of LWC values obtained with the BIN7 and BIN5 spray
nozzles. (See table I for values of LWC.) The transitional aerodynamics are highlighted herein and
are presented in a bar graph format that is described in the main text in the Results and Discussion
section. Accompanying the transitional results are the static aerodynamics shown in both body- and
wind-axis systems.

Results for the BIN7 nozzles are presented in figures C1 to C3 and those for the BIN5 nozzles
are presented in figures C4 to C6. These results are incomplete in that transitional data were not
obtained at the same angles of attack for each flap and dynamic pressure condition. This problem is
more evident 1n the data presented in this appendix than in those presented in the main text.

In general, the tendency for longer transitions at the higher dynamic pressures is evident for the
midrange values of LWC (15 to 21 g/m:?, but this trend actually seems to disappear or reverse at
the lowest values of LWC (10 to 14 g/m°). At the lowest values of LWC, the transitional behavior
appears to become consistently more complex (e.g., exhibiting secondary and tertiary stages much
more frequently) than at higher values of LWC.
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Figure C1. Dry to wet transition time graphs and steady-state force data for BIN7 nozzles and ¢ = 10 psf.

25



Axial force
lSOW

1201
90 1
Number of chords

60

301

8 10 12

a, deg

(b) é = 10° and LWC = 21 g/m3.

Figure C1. Continued.
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Figure C1. Continued.
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(d) 6 =20° and LWC = 21 g/m3.

Figure C1. Continued.
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3001
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Number of chords
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(a) 6 =0° and LWC = 17 g/m3.

Figure C2. Dry to wet transition time graphs and steady-state force data for BIN7 nozzles and ¢ = 30 psf.

30




LWC,

g/m3
O o
o 17
2.5 .8
2.0 5
1.5 4
CL 1.0 o CD .3
5 rU;:Vc \ by
g
0 1 )
-5 0
-5.0 0 5.0 10.0 15.0 20.0 25.0 -5 0 5 1.0 15 20 25
a,deg CL
2.5 3
2.0 .2
1.5 .1
ey
Cn 1.0 = Ca 0.0
g \(\ J
. -2
ocfd(l -3
-5 -4
-5.0 O 5.0 10.0 15.0 20.0 25.0 -5.0 0 5.0 10.0 15.0 20.0 25.0
a,deg a,deg
(b) 6§ =0°.

Figure C2. Continued.
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Figure C2. Continued.
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Figure C2. Continued.
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Figure C2. Concluded.
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Figure C3. Dry to wet transition time graphs and steady-state force data for BIN7 nozzles and g = 50 psf.
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Figure C3. Continued.
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Figure C3. Continued.
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Figure C3. Continued.
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Figure C4. Dry to wet transition time graphs and steady-state force data for BIN5 nozzles and ¢ = 10 psf.
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Figure C4. Continued.
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Figure C5. Dry to wet transition time graphs and steady-state force data for BIN5 nozzles and ¢ = 30 psf.
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Figure C6. Dry to wet transition time graphs and steady-state force data for BIN5 nozzles and ¢ = 50 psf.
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Table I. Water Droplet Spray Characteristics

Q, q, Voos Spray area, LWC*
Nozzle gal/min psf ft/sec ft2 g/m3
B1IN5 19.5 10 92 34 14
B1N5 19.5 30 159 24 12
B1N5 19.5 50 205 21 10
BIN7 27.0 10 92 31 21
BIN7 27.0 30 159 23 17
BINT7 27.0 50 205 19 15
1570 41.2 10 92 47 21
1570 41.2 30 159 25 23
1570 41.2 50 205 20 22

* — K -
LWC = &%y, where K = 2225.8086.
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Figure 1. Measurement axis systems.
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Figure 2. Geometric characteristics of wing model. All linear measurements are in feet and have been rounded
off to two decimal places.
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Figure 3. Cross section of NACA 23015 airfoil in cruise (§ = 0°) and high-lift (6 = 20°) configurations. All
linear measurements are in feet and have been rounded off to two decimal places.

L-86-10524
Figure 4. Model in Langley 14- by 22-Foot Subsonic Tunnel.
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Figure 5. Rain simulation system.
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Figure 6. Rain simulation system

T L-87-07697

mounted in Langley 14- by 22-Foot Subsonic Tunnel.
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L-86-10526

Figure 7. Close-up detail of nozzle and solenoid arrangement on the spray manifold.
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Figure 8. Test nozzles.
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Figure 9. Effects of spray manifold on wing aerodynamics. § = 0°.
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Figure 10. Effects of Reynolds number variation on wing aerodynamics.
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Figure 17. Dry to wet transition times for 1570 nozzles, ¢ = 10 psf, and LWC = 21 g/m?.
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Figure 18. Concluded.
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Figure 19. Dry to wet transition times for 1570 nozzles, ¢ = 50 psf, and LWC = 22 g/m?3.



w - W e sy o

1000 H

900 1

800 A

700 A

600 A

Number of chords 500 1
400

300 A

200 A

100 1

1000 1

900 1

800 -

700 1

600 1

Number of chords 500 1
400 A

300

200

A

Normal force

N

USSR

10 12 14 16 18 20

Axial force

(b) 6 = 10°.

Figure 19. Continued.
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